The glutathione S-transferases (GSTs) form a large supergene family of detoxifying enzymes in nature. In eukaryotes, in addition to exhibiting properties of noncatalytic binding to some hydrophobic compounds, these enzymes catalyze the conjugation of the tripeptide glutathione to a wide variety of electrophilic substrates, the majority of which are xenobiotics or products of oxidative stress (for recent reviews, see references 1 and 12). In contrast to the situation in eukaryotes, data for prokaryotic GSTs are scarce but are emerging (30, 35) . Prokaryotic members of the GST family, of which the nucleotide sequences have been elucidated, include the dichloromethane dehalogenase gene (dcmA) of Methylobacterium sp. strain DM4 (15) , the pcpC-encoded enzyme involved in reductive dechlorination of pentachlorophenol in Sphingomonas chlorophenolica (previously, Flavobacterium sp.) ATCC 39723 (19, 22) , ligF in Sphingomonas (Pseudomonas) paucimobilis (18) , gst from Escherichia coli K-12 (21) , and gstB from Proteus mirabilis (23) .
In the degradation pathway of biphenyl-polychlorobiphenyl (PCB) in Pseudomonas sp. strain LB400, a GST-encoding gene (bphK) with no apparent function was found amid the structural genes for the degradative enzymes (13) . We subsequently found a BphK-GST homolog as part of the aromatic hydrocarbon degradation pathway in a marine oligobacterium, Cycloclasticus oligotrophus RB1 (XylK [32] ), and another related one in the degradation pathway of fluoranthene, a four-ring polycyclic aromatic hydrocarbon (PAH), in S. (Pseudomonas) paucimobilis EPA505 (20) (GenBank accession no. AF001779). In view of these, we speculate that GST-encoding genes may be more widespread among PAH-utilizing organisms and possibly provide a molecular handle for this important group of organisms. This hypothesis was tested in the present study.
The bacterial strains used in this study are described in Table 1 . The New Zealand strains were isolated for their ability to grow at the expense of phenanthrene from two soils heavily contaminated with PAHs. The Antarctic isolates originated from JP8 fuel oil-contaminated soil from the Ross Sea region and were isolated for their ability to degrade JP8 fuel. These strains have been tentatively identified as Sphingomonas spp. (33) on the basis of API 20 tests, fatty acid analysis (MIDI [for WP01]), and partial 3Ј sequences of the small-subunit rRNA gene (data not shown).
The Primer-3 program (26) was used to design the forward (p3-24F) and reverse (p3-24R) primers which would give an equivalent melting temperature (Table 2 ) and amplify a 487-bp fragment according to the EPA505 GST sequence (GenBank accession no. AF001779). PCR products were amplified directly from bacterial genomic DNA prepared by direct lysis of single colonies. Colonies of each strain were incubated at 96°C for 15 min in PCR mix buffer (10 mM Tris-HCl [pH 8.3], 50 mM KCl, 0.01% gelatin, 2 mM MgCl 2 , deoxynucleoside triphosphates at 200 M each), followed by the addition of 0.5 M forward and reverse primers. The cycling conditions (Perkin-Elmer Cetus DNA Thermal Cycler) for the EPA505 GST primer pair were 5 min at 94°C followed by the addition of 2.5 U of Taq DNA polymerase; 2 cycles of 94°C for 2 min, maximal cooling rate to 37°C, 37°C for 1 min, a ramp of 2 min and 30 s to 72°C, and 72°C for 1 min; and, following this, 25 cycles of 94°C for 2 min, 50°C (49°C for soil amplification; see below) for 1 min, and 72°C for 1 min (maximal ramp rates), with the final 72°C segment of the cycle extended to 10 min before cooling to 4°C. Figure 1 shows the amplification of a common 480-bp fragment from aromatic hydrocarbon-and PAH-degrading Sphingomonas spp. originating from various locations of America (lanes 3 to 6), New Zealand (lanes 7 to 9), and Antarctica (lane 10). From the last site, three isolates (ANT8, ANT17, and ANT29; data not shown) other than ANT23 invariably gave a weaker band of the expected size but a more-intense 200-bp species of unknown origin; the sequence of this 200-bp amplification product showed no significant homology to any other GenBank sequence, as determined by BLAST homology searches (11) .
The p3-24F and p3-24R primers and amplification conditions that were utilized allowed discrimination between GSTs from PAH-degrading strains and Pseudomonas sp. strain LB400 or Pseudomonas pseudoalcaligenes KF707-type GSTs which are part of the biphenyl-PCB degradation pathway (Fig.  1, lanes 11 and 12) . There is 80% homology of the p3-24F and p3-24R primers (four mismatches) to the LB400 and KF707 GST sequences (13, 28) . We also used DNA from Pseudomonas putida mt-2, a classical xylene-toluene degrader (34) , from which no specific band was amplified. However, numerous faint bands, including one of the expected size, were amplified from P. putida F1, a well-studied degrader of toluene (36) . This was not pursued further.
Authentication of amplified products. It is possible that a PCR product of the expected size has no bearing on the target gene (see below). To verify this, various PCR products were purified from 1.6% agarose with a QiaexII Gel extraction kit (Qiagen) and were sequenced directly in both orientations by using the original PCR primers to generate 405 bp of sequence data. The faint amplification product from ANT23 was sufficient to produce a sequence. Figure 2 shows an alignment of the DNA-predicted amino acid sequences of the various GST peptide fragments in comparison to those of EPA505 and LB400. Among the PAH degrader collection, the sequence identity ranges from 89 to 99% (1 to 22 amino acid changes). Cysteine and serine at amino acid positions 10 and 11 (numbering according to the EPA505 GST sequence) are conserved in the GST sequences of Proteus mirabilis (GstB [23] ), E. coli [32] ), and S. chlorophenolica (PcpC [19] ). In the last system, the equivalent Cys at position 13 has been shown to be required for reductive dehalogenation of pentachlorophenol (19) .
GST-C23O coamplification. The GST-encoding gene in EPA505 is flanked by a downstream hydrolase gene and a catechol 2,3-dioxygenase (C23O) gene (16) . These are related to the xylF-encoded 2-hydroxymuconic semialdehyde hydrolase of P. putida mt-2 (GenBank accession no. M64747) and C23O of Sphingomonas yanoikuyae (previously Beijerinckia) B1 (GenBank accession no. U23375), respectively. It is of interest to see whether homology of the GST-positive isolates is extended to the C23O gene. Amplification conditions for the c23oL-p3-24F primer pair (Table 2) were 5 min at 94°C followed by the addition of 2.5 U of Taq DNA polymerase; 2 cycles of 94°C for 2 min, maximal cooling rate to 37°C, 37°C for 1 min, a ramp of 2 min and 30 s to 72°C, and 72°C for 1 min; following this, 8 cycles of 94°C for 2 min, 50°C for 1 min, and 74°C for 1 min (maximal ramp rates); and following this, 20 cycles of 94°C for 2 min, 50°C for 1 min, and 74°C for 1 min (74°C segment autoextended by 15 s on each cycle) (24) (maximal ramp rates). The c23oL-p3-24F primer pair combination produces a 1,745-bp product from EPA505 (Fig. 3) . Likewise, S. yanoikuyae B1 and Q1 and Sphingomonas species strains WP01, RP003, and ANT23 gave the same product, indicating a gene arrangement similar to that of EPA505. Strain RP006 FIG. 1. PCR amplification of GST-containing DNAs from Sphingomonas spp. Aliquots (5 l) of PCR-amplified DNA were run on a 1.6% agarose gel. The positions and sizes of the expected DNA bands are indicated. Lanes: 1 and 15, 1-kb DNA ladder (Gibco BRL); 2, blank (no target DNA); 3, EPA505; 4, B1; 5, Q1; 6, F199; 7, WP01; 8, RP003; 9, RP006; 10, ANT23; 11, LB400; 12, KF700; 13, F1; and 14, mt-2. See Table 1 for complete strain names. (14) reported cross-hybridization of S. yanoikuyae Q1 and F199 to the S. yanoikuyae B1 C23O sequence. In the absence of an expected PCR product in F199, we speculate that the C23O sequence in F199 contains some nucleotide mismatch within the c23oL primer region. Analysis of F199 sequence data (27) does in fact identify eight base changes in the c23oL primer region. In two cases, i.e., strains WP01 and RP003, the identities of the amplified 1,745-bp fragments were verified by sequencing from the c23oL primer (not shown). BLAST searches of the GenBank database revealed sequence similarity with representative hydrolase genes dmpD (accession no. X52805), todF (accession no. M64080), xylF (accession no. M64747), and bphD (accession no. M86348) of aromatic metabolism in prokaryotes (see references in reference 17). The degree of nucleotide identity over a 180-bp region was high between WP01 and RP003 (92%); however, the degree of identity against dmpD, todF, xylF, and bphD was low (27 to 33%). This variation is not atypical among hydrolases involved in prokaryotic aromatic metabolism (17) .
The similarity of these sequences with that of EPA505 suggests that the GST-hydrolase-C23O gene cluster may be common within aromatic hydrocarbon-degrading Sphingomonas spp. Association of the GST-encoding gene with catabolic genes for aromatic hydrocarbon degradation may prove a useful tool for cloning such operons, particularly considering the highly conserved nature of the GST gene.
GST amplification from soil. The high degree of conservation of the EPA505 gene and related GST genes suggests that GST may serve as a useful target for PCR or gene probing in an ecological evaluation of aromatic hydrocarbon-contaminated soils. To test this, a PAH-contaminated soil sample collected from a secure landfill in LaSalle, Quebéc, Canada, was processed. Soil was taken as cores from the surface and from 0.4-and 1-m depths. Soil DNA was extracted and pooled from 0.5-g samples of aseptically homogenized soil prepared by passage through UV light-sterilized 4-and 1-mm-gauge sieves. The DNA was extracted with a polyvinylpolypyrrolidone spin column (3), and 0.5 g of soil DNA was used as target for amplification of GST sequences with the p3-24F and p3-24R primers (Fig. 4) . The soil-derived PCR products were then used to generate a clone library prepared by cloning purified PCR products directly into a T-tailed vector, i.e., pBluescript KS ϩ (Stratagene, La Jolla, Calif.) prepared by linearizing the vector with EcoRV followed by incubation with Taq DNA polymerase (1 U per 1 g of vector in 20 l) for 2 h at 72°C in the presence of 2 mM dTTP in standard Taq DNA polymerase buffer. Ligation was at 16°C overnight in the presence of 1 mM ATP and 0.1 U of T4 ligase, followed by transformation into E. coli DH10B by electroporation (Bio-Rad). Randomly selected clones from the library were sequenced in both orientations with M13 and universal reverse primers.
Sequencing of randomly selected clones containing 487-bp inserts from the soil DNA-derived libraries identified two divergent sequences sourced from the 1-m-depth sample (Fig. 2) . Interestingly, one GST (soil sample GST1) was just as close as the sequence of B1 or Q1 GST to that of EPA505, with only one amino acid substitution. However, among these sequences, there are numerous (19 to 29) silent substitutions which do not produce amino acid changes (not shown). The other soil GST (GST2) was more divergent (22 amino acid and 92 nucleotide changes) but not as extreme as that of LB400 (46 amino acid and 165 nucleotide changes) when the latter was compared to that of EPA505. A number of other sequences unrelated to that of GST (no prokaryotic homologous sequences revealed by BLAST searches of GenBank), but of the correct size, were also obtained from soil DNA, which suggests that prudent quantification of amplification products should be integral to any similar study.
DNA parsimony tree. Figure 5 shows the relationship between the GST sequences obtained in this study with some bacterial GSTs for which DNA sequence is available. The sequences were aligned with ClustalW (29) , and the tree was generated with software from the PHYLIP package (5) . This result highlights a cluster of sequences amplified with the EPA505 GST primer set that were obtained from the aromatic hydrocarbon-degrading strains and from PAH-contaminated soil (GST1 and GST2). Clearly, GSTs from E. coli, P. mirabilis, and the marine bacterium C. oligotrophus RB1 as well as that of Pseudomonas sp. strain LB400 are distant from this cluster. GSTs amplified from three other Antarctic isolates (ANT8, ANT17, and ANT29) yielded sequence data which were incomplete in both strands and, therefore, did not merit inclusion; however, these sequences aligned within the same cluster of the PAH degraders. Sequence identity within this cluster was in the range of 92.5 to 95.5%. The identity compared with that of LB400 (which is not amplified) is 50 to 54.8%; the latter value is comparable with the 54.2% identity found when the entire LB400 and EPA505 GST sequences are compared. Interestingly, the GST sequence from F199 did not cluster with those of EPA505 and sphingomonads such as S. yanoikuyae B1 and Q1, which is a situation similar to that found with phylogenetic analysis of 16S ribosomal DNA sequences derived from these isolates (2) .
Concluding remarks. In his comprehensive review, Vuilleumier (30) highlighted the importance and potential applications of bacterial GSTs. Our present study contributes to a particular "goodness" of bacterial GST-encoding genes. The described GST primer set allowed amplification of GST from aromatic hydrocarbon-degrading sphingomonads of diverse origin and was successfully used to amplify GSTs from soil DNA. As shown with strain LB400, the EPA505-derived primers exert a great degree of specificity. This specificity is predicted to exclude amplification of GST from at least S. chlorophenolica (previously Flavobacterium sp.) ATCC 39723 and S. paucimobilis, since the nucleotide sequences of the gst-related genes (pcpC and ligF, respectively [18, 22] ) in these organisms are very different from that of EPA505. As we expand our data set and learn more about PAH-degradative pathways, we anticipate the development of additional approaches for probing PAH degraders in the environment. As useful as the probes could be, the function of GST in PAH-degradative pathways is of great interest and is currently under investigation. Such study may broaden the role of glutathione conjugation in bacteria in facilitating the detoxification of environmental pollutants to include the prevalently found PAHs in contaminated soils and other matrices. The need for a basic understanding of glutathione conjugation dynamics with a view to promote contaminant transformation and exploitation of microorganisms for bioremediation has been discussed by Field and Thurman (6) .
Nucleotide sequence accession number. The GST-encoding gene of S. paucimobilis EPA505 has been given GenBank accession number AF001779. 
